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ABSTRACT
The dense environment of galaxy clusters strongly influences the nature of galaxies. Their abundance and diversity is imprinted on
the stellar-mass–size plane. Here, we study the cause of the size distribution of a sample of 560 spectroscopic members spanning a
wide dynamical range down to 108.5M (log(M)-2) in the massive CLASH cluster MACSJ1206.2-0847 at z = 0.44. We use Subaru
SuprimeCam imaging covering the highest-density core out to the infall regions (3 virial radii) to look for cluster-specific effects on a
global scale. We also compare our measurements to a compatible large field study in order to span extreme environmental densities.
This paper presents the trends we identified for cluster galaxies divided by their colors into star-forming and quiescent galaxies and
into distinct morphological types (using Sérsic index and bulge/disk decompositions). We observed larger sizes for early type and
smaller sizes for massive late type galaxies in clusters in comparison to the field. We attribute this to longer quenching timescales of
more massive galaxies in the cluster. Our analysis further revealed an increasing importance of recently quenched transition objects
(“red disks”), where the correspondence between galaxy morphology and color is out of sync. This is a virialized population with sizes
similar to the quiescent, spheroid-dominated population of the cluster center, but with disks still in-tact, and found at higher cluster-
centric radii. The mass-size relation of cluster galaxies may therefore be understood as the consequence of a mix of progenitors
formed at different quenching epochs. We also investigate the stellar-mass – size relation as a representation of galaxy sizes smoothly
decreasing as a function of bulge fraction. We find that at same bulge-to-total ratio and same stellar mass, quiescent galaxies are
smaller than star-forming galaxies. This is likely because of a fading of the outskirts of the disk, which we saw in comparing sizes of
their disk-components. Ram-pressure stripping of the cold gas and other forms of more gradual gas starvation are likely responsible
for this observation.
Key words. galaxies: evolution – galaxies: clusters: individual: MACS J1206.2-0847 – galaxies: clusters: general – galaxies: struc-
ture – galaxies: elliptical and lenticular, cD – galaxies: fundamental parameters
1. Introduction
One way to independently probe the evolutionary state of galax-
ies is through classical scaling relations that link shapes and
physical sizes of the stellar distribution with galaxy luminosity
(Kormendy 1977) and stellar masses (Shen et al. 2003). Both the
average size of a galaxy at a given stellar mass and stellar pop-
ulation distribution hold information of the assembly history of
a galaxy. The stellar-mass – size relation (MSR) shows distinct
trends for spheroid and disk-like morphologies (Kauffmann et al.
2003). Independent of whether galaxies are classified on the ba-
sis of star-formation activity or structure, early type galaxies fun-
damentally follow a steeper dependency between size and stellar
mass than late type galaxies do (Lange et al. 2015). That means
that at a given mass (at least below 1011M) and redshift, early-
type galaxies are generally smaller (as measured by the half-light
radius re) than late type galaxies.
Over the past few decades, measurements of the MSR from
high-resolution observations of high redshift galaxies have lead
to the important discovery that massive galaxies have experi-
enced a dramatic evolution in size, growing at least by a factor
of four at fixed stellar mass since z∼2 (e.g., Navarro & Stein-
metz 2000; Daddi et al. 2005; Trujillo et al. 2006; van der Wel
et al. 2008). Current models of galaxy evolution favor two main
mechanisms to account for this observed size growth. The first
category ascribes internally driven in-situ processes connected
to the mass of the galaxy, i.e., AGN activity (Croton et al. 2006;
Fan et al. 2008, 2010; Ragone-Figueroa & Granato 2011) or
SN-winds (Damjanov et al. 2009) to account for mass loss and
subsequent expansion of galaxies that react to the change of the
gravitational potential. An alternative explanation, favored by a
growing number of authors, explains the size growth of mas-
sive galaxies through major merging (Ciotti & van Albada 2001;
Naab et al. 2007; Nipoti 2010) or repeated dry minor mergers
(Khochfar & Burkert 2006; Maller et al. 2006; Hopkins et al.
2009a; Naab et al. 2009; Sommer-Larsen & Toft 2010; Oser et al.
2010). Recent observations seem to favor this scenario suggest-
ing that high mass galaxies grow in an inside-out fashion, i.e.,
the cores of the galaxies have been in place at high redshifts
and the evolution is seen in the outer parts (van Dokkum et al.
2010; Patel et al. 2012; Pérez et al. 2013), thereby increasing
their size and stellar mass continuously (e.g., van Dokkum et al.
2010; Trujillo et al. 2007; Bezanson et al. 2009).
The physical evolution of galaxies also depends on the en-
vironment they reside in. More specifically, dense environments
are believed to accelerate galaxy evolution, producing more mas-
sive systems faster (e.g., De Lucia et al. 2004; Gao et al. 2005;
Maulbetsch et al. 2007; Shankar et al. 2013). The direct role
of the cluster environment in driving galaxy evolution through
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cluster specific effects, however, is still largely unclear. The re-
sults from extensive field surveys provide an intriguing picture of
the general size evolution with cosmic time, but understanding
how the environment effects the evolution of the MSR is much
less definite. Publications from a variety of data sets and across
a broad range of epochs, mostly confined to massive systems
owing to our inability to detect or unambiguously measure low
surface brightness galaxies at higher redshifts, report contradict-
ing findings. Several authors have found that at higher redshifts
(1<z<2), ellipticals have larger sizes when they belong to groups
or clusters (Cooper et al. 2012; Papovich et al. 2012; Delaye
et al. 2014). This might be confined to lower mass galaxies only,
since, for the same redshift range, other observational studies do
not find any differences for high mass galaxies (Rettura et al.
2010). The controversy does not end for low-redshift observa-
tions. Huertas-Company et al. (2013a) report no significant en-
vironmental dependence for high mass elliptical galaxies in the
local universe and postulate that the mass-size relation of early
type galaxies at z∼ 0 is independent of the mass of the host halo.
Conversely, Raichoor et al. (2012) and Poggianti et al. (2013)
have found that ellipticals are more compact in clusters. This
effect might be redshift dependent (Lani et al. 2013). For spi-
ral galaxies, observations continue to identify a trend for smaller
galaxies in dense regions in comparison to the field (Maltby et al.
2010; Fernández Lorenzo et al. 2013; Cebrián & Trujillo 2014).
Making sense of the debate around the stellar-mass – size
relation is a complex challenge since, for example, alternative
classification systems and the size dependence on wavelength
add unwanted biases. The intricate nature of galaxy evolution in
clusters adds a further complexity to the interpretation. While
the variations of the star-forming galaxy stellar mass function
of clusters with global environment are found to be small and
subtle, at least above 1010.25M (Annunziatella et al. 2014), pro-
cesses inside clusters seem to enhance a morphological transfor-
mation and suppression of star-formation: at very high and very
low masses, passive galaxies are generally excessively abundant
in clusters. Direct cluster-specific effects are considered respon-
sible for a removal of the outer halo gas reservoir, resulting in
changes to more compact morphologies. Depressed gas contents
also lead to lower star-formation rates and redder colors (e.g.,
Treu et al. 2003; Poggianti et al. 2006; Peng et al. 2014).
Galaxy harassment, strangulation, suppressed accretion and
ram pressure are all mechanisms by which gas of the galaxy halo
or disk are either pushed out or quickly used up, essentially re-
moving the reservoir of fuel necessary to form new stars. The
gas is stripped away and joins the intracluster medium while the
disk of the galaxy will fade and redden as its stars age. Star-
forming galaxies entering a dense environment like a cluster are
expected to be efficiently quenched on their first infall within
1-3 Gyrs (6 Gyrs at most) at fixed stellar mass (e.g., Wetzel
et al. 2013; Hirschmann et al. 2014; Mok et al. 2014; Oman
& Hudson 2016). From comparing morphology-density- with
color-density-relations as a function of mass, we know that the
environment affects star-formation in low-mass galaxies more
strongly than their structure (Bamford et al. 2009). They trans-
form much more rapidly than high mass galaxies that quench
on longer timescales. However, these processes do not affect the
galaxy uniformly (Bekki 2009). The gas is less strongly bound
in the outskirts of the disk, so will be removed there first. As a
result, the mass-to-light ratio changes rapidly with radius, and
the star-formation rate drops farther out. The stripped disk will
fade with time, thus eventually changing the stellar mass profile.
In addition, tidal stripping, either through the cluster potential or
interactions with other galaxies, may be removing outer parts of
the stellar and gaseous disks (Boselli & Gavazzi 2006).
To form a better view of the global evolution of the stellar-
mass – size relation of galaxies in clusters, we have studied the
size distribution of cluster members, its dependence on stellar
mass, morphological type, star-forming class and environment.
We pay particular attention to differences that arise from separat-
ing galaxy populations in a number of ways, and use the broader
terms early/late type galaxies only to describe the general bi-
modality of galaxies.
For this investigation, we use deep multiband images from
Subaru of the cluster MACS J1206.2-0847, part of the compre-
hensive data set of the Cluster Lensing and Supernova Survey
with Hubble (CLASH, Postman et al. 2012) and CLASH-VLT
(Rosati et al. 2014). The combined data allow a detailed study
of 560 spectroscopically confirmed cluster galaxies, divided into
different types, according to:
(i) Colors: We used the colors of the cluster galaxies to dif-
ferentiate between star-forming and quiescent galaxies.
(ii) Sérsic indices: We applied the widely used division
of n=2.5 for a rough separation into disk-dominated galaxies
(n<2.5) and spheroid-dominated galaxies (n>2.5).
(ii) Bulge-disk decomposition: This enabled us to further in-
vestigate the galaxies according to their bulge-to-total ratio.
For the first time, we provide mass-size relations inside a
massive cluster out to three virial radii using information from
bulge-disk decomposition. This was made possible through the
high level of quality and richness of the CLASH, CLASH-VLT
and complementary ground based Subaru data that allowed us
to include a census of bulge and disk measurements as addi-
tional valuable information to the exploration of the MSR. To
attribute any observed differences of the stellar-mass – size rela-
tions in clusters from the field to a physical evolution, we need
to ensure accurate measurements of the spatial structure of the
galaxies. In this study, we did this by measuring all structural
parameters (sizes, derived from half-light radii re of the 2D Sér-
sic profile fitting, Sérsic indices, and fluxes for bulges and disks)
in a consistent manner using five bands from Subaru Suprime-
Cam (B,V,R,I,z) simultaneously, employing the multi-band fit-
ting code GALAPAGOS-2 developed by the MegaMorph project
(Bamford et al. 2011) that uses an extension of the widely used
image analysis algorithm GALFIT. In addition to our investi-
gation of the global properties of galaxies, we also considered
the bulges and disks as independent components to correlate the
sizes of the disk components of galaxies to their star-formation
status.
This paper starts by explaining the sample (Section 2.1) and
measurements (Section 2.2) of structural parameters and stellar
masses. We go on to look at the stellar-mass – size relation in the
cluster in comparison to field measurements (Section 3.1) and
dissect variations inside the cluster that stem from different clas-
sifications and their combinations (Section 3.2.1). These consid-
erations lead to an investigation of transitional objects, like disk-
dominated quiescent galaxies (“red disks”) that play a prominent
role in galaxy clusters. We then use our two-component mea-
surements to investigate the MSR as a function of bulge fraction
(Section 3.2.2) and find further answers in our comparison of the
disk component of star-forming and quiescent galaxies (Section
3.2.3). We then look at the spatial distribution of galaxies inside
the cluster and introduce the cluster demographics of the galaxy
population (Section 4.2). Finally, we provide an in-depth look at
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the MSR at different regions of MACS1206 (Section 4.3) and of-
fer a discussion that ties our findings to possible galaxy transfor-
mation scenarios inside the cluster (Section 5). Throughout this
paper we assume a ΛCDM cosmology with Ω0 = 0.3, ΩΛ = 0.7,
and H0 = 70km s−1 and AB magnitudes. These parameters give
us a physical scale of 5.68 kpc/arcsec at z=0.44, the redshift of
this cluster.
2. Analysis
2.1. Data and Sample Selection
Our work draws from observations obtained as part of the re-
cently finished Cluster Lensing and Supernova survey with Hub-
ble (CLASH; Postman et al. 2012) and CLASH-VLT survey
(Rosati et al. 2014), its comprehensive spectroscopic follow-up.
In this study, we especially profit from analyzing the comple-
mentary archival Subaru wide-field imaging campaign that cov-
ers the cluster in 5 optical filters (B, V, Rc, Ic, z′) out to 3 virial
radii (Umetsu et al. 2012). The combination of the large (34′ ×
27′) field-of-view of Suprime-Cam (Miyazaki et al. 2002) and
wealth of corresponding Very Large Telescope (VLT)/VIMOS
spectroscopic data (Rosati et al. 2014) allow us to present a
unique and comprehensive picture of the size distribution for
560 members of the massive cluster MACS J1206.2-0847 (here-
after MACS1206) across many orders of magnitudes in densi-
ties. The overlapping CLASH data from high-resolution HST
observations in 16 filters with the Wide Field Camera 3 (WFC3;
Kimble et al. 2008) and the Advanced Camera for Surveys (ACS;
Ford et al. 2003), produced following the approaches described
in (Koekemoer et al. 2011), allow us to check the quality of our
ground-based structural measurements.
MACS1206 is a well studied (Biviano et al. 2013) X-ray lu-
minous cluster (Ebeling et al. 2009) at z = 0.439, known to be
relatively relaxed but with a few overdensities and an elongated
structure, reminiscent of past accretion (Girardi et al. 2015).
The larger area of Subaru Suprime-Cam multi-colour imaging is
ideal for examining the effect of the environment on galaxy evo-
lution, thanks to its image quality, field of view and depth. The
seeing FWHM in the co-added Subaru mosaic images are 1′′.01
in B (2.4 ks), 0′′.95 in V (2.2 ks), 0′′.78 in R_c (2.9 ks), 0′′.71 in Ic
(3.6 ks) and 0′′.58 in z′ (1.6 ks), with a limiting magnitude of Rc
= 26.2 for a 3σ limiting detection within a 2′′.0 diameter aperture
(see also Umetsu et al. 2012, 2014; Nonino et al. 2009, for fur-
ther descriptions of the observations and data reduction process).
Building onto the CLASH HST panchromatic imaging
project, the large spectroscopic campaign CLASH-VLT was car-
ried out as an ESO VIMOS Large Programme (Rosati et al.
2014). It was designed to spectroscopically identify and con-
firm large samples of cluster members as well as lensed back-
ground galaxies for all CLASH clusters accessible for the VLT.
VIMOS observations for MACS1206 were carried out in 2012
with a total exposure time of 10.7 hours. To increase the expo-
sure time for faint lensed objects behind the cluster, the cluster
core was covered by a quadrant during each pointing. The data
were reduced with the VIMOS Interactive Pipeline and Graphi-
cal Interface (VIPGI) software and given quality flags indicating
the reliability of a redshift measurements. The final MACS1206
CLASH-VLT catalog comprises 2749 objects with reliable red-
shift estimates down to Rc = 24.0 (see also Biviano et al. (2013);
Annunziatella et al. (2014); Mercurio et al. (2015) for more in-
formation on slit assignment and procedure).
Fig. 1: Observed color-magnitude relation of spectroscopic
members of MACS1206. Each galaxy has been color-coded ac-
cording to their mass. In the lower panel we contrast our sam-
ple (yellow density contours) to the color distribution of Subaru
Suprime-Cam detections in the same field of view and at similar
redshift range (blue filled density contours). This allows a rough
visualization of completeness for our sample. We provide more
detailed 2D completeness maps in the Appendix.
Fig. 1 gives an overview of the selected sample used in this
study. It shows the distribution of the B-R observed colors ver-
sus R apparent magnitudes for the final sample of 560 cluster
galaxies we consider in this study. To assign cluster member-
ship, we use spectroscopic observations of both the VIMOS low-
resolution LR-blue grism and medium-resolution (MR) grism,
covering an area of approximately 10 Mpc2. Yellow contours
show their distribution using a Gaussian kernel density estima-
tion (KDE). We contrast these to the color distribution of galax-
ies of the underlying photometric sample (in blue) at same field
of view and photometric redshift range in the bottom panel for a
quick consideration of completeness.
The spectroscopic target selection was based on the photo-
metric catalogues of the archival Subaru data and carried out in
twelve masks to span an area of 20 square arcminutes. The dif-
ficulty of arranging slits in the core of the cluster results in a
slightly higher incompleteness toward the center and for faint
magnitudes. This offset is visible in the bottom panel of Fig. 1.
In our study, we address the under-representation of faint ob-
jects by applying the inverse of the completeness as weights to
the statistical properties of the cluster galaxies. For this, we con-
struct completeness functions at different cluster-centric radii. In
magnitude bins, we calculate the fractions of galaxies for which
we successfully obtained redshifts from the total number of pho-
tometrically detected objects in the VIMOS area down to the
photometric limit of Rc = 24. The effect of this correction leads
to increasing weights for galaxies with lower luminosities.
We further studied the on-sky completeness of our sample
in relation to colors, sizes and galaxy concentration as defined
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by R90/R50 – the ratio of galaxy radii containing 90% and 50%
of the measured flux (e.g. Blanton et al. 2001; Goto et al. 2003;
Graham et al. 2005) – to test any possible bias of the spectro-
scopic sampling. We refer to the Appendix for these plots. While
we are aware of, and correct for, the cut-off at the faint end, we
do not see any biases in these other completeness fractions.
The lack of faint passive galaxies is visible both in the spec-
troscopic as well as in the photometric sample, which we con-
sider to be a complete representation of the cluster, at least
for R<24 mag. This is consistent with reports of passive cluster
galaxies at higher redshifts where typical luminosity (and mass-)
functions decrease at the faint end. This implies that the cluster
is in the process of building its red population, and has not yet
quenched all of its star-forming galaxies (see Annunziatella et al.
2014 for mass-functions of MACS1206).
For much of this paper, choices for the target selection do
not have a great effect since we consider galaxies at fixed stel-
lar mass. We do however perform the weighting for the spec-
troscopic incompleteness described above and consider galaxies
above limits of R<24 mag, which corresponds to log (M/M) =
8.5 for star-forming and R<23.5 mag = log (M/M) = 9.2 for
quiescent galaxies (see Appendix A for details.) However, we
find that choosing to omit the weights does not make any sig-
nificant differences to the results. An in-depth discussion of the
completeness as a function of magnitude and 2D radial distance
is presented in Biviano et al. (2013) who explain the varying suc-
cess rates of redshift measurements of bright and faint objects
with differences in their signal-to-noise ratios of their spectra.
Our sample is comprised of spectroscopic cluster members,
the only way to establish cluster membership with high confi-
dence. To distinguish between cluster members and interloping
foreground and background galaxies, we assume a cluster mass
model assuming a singular isothermal sphere (SIS; Carlberg
et al. 1996), thereby identifying cluster membership on the basis
of their location in projected phase space. We use the velocity
dispersion σ ∼ 1087km/s, virial radius R200 ∼ 1.96, and virial
mass M200 ∼ 1.37 × 1015M presented in Biviano et al. (2013)
for this cluster. For our purpose, we follow the simple approach
offered by Carlberg et al. (1997) to identify cluster members as
those galaxies with velocities |v| < 2σ(R), which is in rough
correspondence with the more detailed analysis by Biviano et al.
(2013). We also use galaxies between 2σ(R) < |v| < 6σ(R),
which are considered galaxies that are falling into the cluster (see
Fig. 11 for a visualization of the phase-space of MACS1206).
This range allows a larger sample of galaxies that have been ac-
creted a long time ago as well as those that are part of the recent
assembly history. Cluster-centric radii R are measured relative
to the Brightest Cluster Galaxy at α(J2000) = 12h06m12s.15,
δ(J2000) = −8◦48′3′′.4 and normalized to the empirically deter-
mined R200, defined as the radius where the mean interior over-
density is 200 ρc. As described in Biviano et al. (2013), we also
refer to the radius at R200 as the “virial radius”.
2.2. Determination of structural parameters: sizes and
morphologies
To obtain sizes for the cluster galaxies, we fit 2D Sérsic models
to all cluster galaxies. For all cluster members we measure the
relevant structural parameters Sérsic index n (describing the pro-
file shape), the half-light (i.e., effective) radius re, and (model-)
luminosities both with a single Sérsic function and for bulges
and disks separately. The Sérsic profile (Sersic 1968) is a char-
acterization of the intensity I(r) of the galaxy as a function of
radius.
I(r) = Ieexp
−bn ( rre
)1/n
− 1
 , (1)
where Ie marks the intensity at the effective radius re of the
galaxy, which is then converted to kpc and taken as a measure
of the size of the galaxy.
For this single+multi-component morphology fitting, we ex-
ploit the capabilities of the galaxy profile model fitting soft-
ware GALAPAGOS-2 developed within the MegaMorph project
(Bamford et al. 2011; Häußler et al. 2013). This analysis tool
is based on GALFITM, a multi-band extension of GALFIT3
(Peng et al. 2010a) which enables us to utilize all informa-
tion available over the five Subaru BVRcIcz′ bands simultane-
ously. GALAPAGOS-2 was constructed to efficiently perform
accurate measurements on large samples of galaxies and sep-
arate them into their components (bulge and disk) in unprece-
dented detail and down to fainter limits in comparison to single-
band fits. MegaMorph techniques have been successfully tested
on observed ground-based and simulated data across redshifts
(Häußler et al. 2013; Vika et al. 2014, 2015) with an increase of
the stability and accuracy of measured properties. This is of great
importance for our ground-based Subaru data and thus ideally
suited for this study. GALFITM requires a point spread function
(PSF) image, used to convolve the models to correct for seeing
effects. This ensures that even small galaxies that are close to the
PSF or pixel resolution limit can be constrained. We used a sta-
tistical PSF generated from a median stack of bright, unsaturated
stars in each frame.
We performed both a single-component fit and a two-
component Sérsic light profile decomposition where we mod-
eled the bulges with DeVaucoleur profiles (n=4) and disks as ex-
ponentials (n=1). In our setup, we ensured complete freedom for
the wavelength dependence of magnitude by using a fourth-order
polynomial with five coefficients, equal to the number of bands
in our data set. Following Häußler et al. (2013), we constrained
minimum/maximum magnitude deviation to −5 ≤ m f it−minput ≤
5 where minput was established by calculating the offsets to the
MAG_BEST parameter of bright objects of a SEXTRACTOR
run. Values for magnitudes were confined between 0 ≤ m ≤ 40
and effective radii between 0.3 ≤ re ≤ 400 pixels correspond-
ing to sizes of 0.34 and 456 kpc at the redshift of this cluster
and Subaru’s pixel scale of 0.202 pixels/arcsecond. We allowed
profile half-light radius and Sérsic index to vary linearly with
wavelength. This was chosen after examining the wavelength
dependence of re and n with polynomials of higher order and
finding a linear function was a sufficient and conservative op-
tion for our five band photometry. In addition, we constrained
the values for Sérsic index n to lie between 0.2 and 8 at all input
wavelengths and held the centers of the bulge and disk profiles
constant with wavelength. We then selected the objects that were
successfully fitted by GALFITM to obtain a clean catalog. This
process excluded galaxies with parameters on or very close to a
fitting constraint, which is the case for fits that do not find a min-
imum in χ2 space. However, there were some objects where the
fits did not move from the input parameter and did not vary in
the individual bands, and some cases where the reported errors
were unrealistic or very large. This lead to an exemption of 17
objects which reduced the number of galaxies from 560 to 543
for the morphological study.
In general, choosing an incorrect model may affect the size
measurements. However, though intuitively we might assume
that size measurements are affected by the S/N or intra-cluster
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light components (since the outer wings of the galaxy are not di-
rectly visible in lower S/N or crowded field images), GALAPA-
GOS has been shown to work well in these conditions: previous
publications that addressed the robustness of structural measure-
ments from ground based data in crowded regions, have shown
that galaxies living in high-density environments do not suffer
from less accurate size measurements than those in less dense
regions. (e.g., Häussler et al. 2007; Lani et al. 2013). This is due
to GALFIT and GALFITM’s approach of minimizing the resid-
uals through model testing in combination with sigma images.
We will continue to address this issue and present further tests
of the robustness of multi-component morphological fitting with
our CLASH-HST data set (compared to simulated cluster im-
ages) in a forthcoming publication.
For the presented study, we simply compared independent
GALAPAGOS-2 measurements of effective radii, single Sér-
sic index n, luminosities and B/T ratios from Subaru with the
deeper CLASH-HST images. This is possible because of a small
overlap of the data sets in the innermost region of the cluster
that allow a comparison for 80 objects with successful measure-
ments. Measurement uncertainties depend on brightness and size
of the galaxy, with fainter and smaller galaxies deviating more
strongly. This means that the typical difference of 0.12 kpc in ef-
fective radius relates to ∼1% for a galaxy with 10kpc, and ∼30%
for a compact galaxy with a size of 0.4kpc. The scatter in our
comparison of measurements of galaxy sizes, is around 33% or
between 0.1 - 0.2 dex, depending on the apparent magnitude.
Considering the large intrinsic scatter of the mass-size relation,
the measurement uncertainties are therefore small. More impor-
tantly, there is an almost one-to-one correlation - albeit with
large scatter - between all of our Subaru and HST measurements,
which implies that we do not introduce any systematic bias or
trend towards larger or smaller sizes in our sample. The scatter
in relation to Sérsic index n and bulge-to-total ratio somewhat
larger: 53% for Sérsic index and up to 57% for B/T or 0.4 dex
(which amount to errors on our binned points of around 0.04
dex). However, once again, there is no systematic bias or trend
towards a certain type and measurement uncertainties are inde-
pendent of B/T. In this simple test, we find that only 10% of the
sample are classified differently according to their single Sérsic
index (15% according to bulge-to-total ratios) with Subaru than
with HST measurements.
We performed this cross-check on a relatively small number
of objects, all located in the central part of the cluster, a result
of HST’s small field-of-view and its centering on the Brightest
Cluster Galaxy. This ultimately leads to a much higher fraction
of high-n galaxies in this subsample, typically more difficult to fit
for any fitting routine and in a crowded area prone to host intra-
cluster light. We therefore consider these number upper limits.
Nevertheless, similar tests in previous work by Lani et al. (2013)
using much larger samples of ground-based and space-based ob-
servations present comparable correlations and agree well with
our measurements. A number of publications have assessed the
robustness of galaxy profile fitting procedures of the used soft-
ware using large datasets of simulated data. These tests have
shown that structural parameters using high quality ground based
imaging can be determined accurately (e.g., Häußler et al. 2013;
Guo et al. 2009), even for for distant galaxies (Krywult et al.
2017). In addition, the level of the scatter of the mass-size re-
lation presented in this paper is comparable with the scatter of
previous publications (e.g., Shen et al. 2003; van der Wel et al.
2014; Cebrián & Trujillo 2014) which further indicates that the
scatter of our measurement uncertainties does not introduce an
extra spurious effect.
quiescent members 
star-forming members 
quiescent members 
star-forming members 
UVJ-selected quiescent
BRI-selected quiescent
Fig. 2: Color-color selections of cluster members into quiescent
(red circles) and star-forming (blue dots) galaxies. Top: selec-
tion according to restframe (B-R) vs (R-I) colors. Galaxies that
are classified as quiescent in the UVJ diagram are marked with
black frames. Bottom: Selection using restframe (U-V) vs (V-J)
colors. Because our data lack near infrared observations, J band
has been extrapolated synthetically for this plot. Galaxies high-
lighted with black frames are classified as quiescent in the BRI
diagram. We do this to demonstrate that our BRI selection com-
pares reasonably well with the UVJ diagram used in van der Wel
et al. (2014).
2.3. Determination of stellar masses
Stellar masses were estimated from point-spread function
matched Subaru photometry with a photometric accuracy of
∼ 0.01 mag in all five passbands (see also Umetsu et al. (2012)).
In order to derive consistent colors, photometric catalogs were
created with SEXTRACTOR (Bertin & Arnouts 1996), using
PSFs constructed from a combination of 100 stars per band. To
calculate stellar masses and restframe absolute magnitudes, we
used the code LePhare (Arnouts & Ilbert 2011). This fits SEDs
based on stellar population synthesis models from Bruzual &
Charlot (2003) to our multi-wavelength photometry, assuming a
Chabrier IMF (Chabrier 2003). We fit templates with an expo-
nentially declining star formation history with τ = 0.1− 30 Gyrs
and attenuated by a Calzetti et al. (2000) dust law with ex-
tinction E(BV) = 0–0.5 magnitudes. Uncertainties correspond
to the 68% confidence interval; marginalized over extinction,
star-formation rates, age and metallicity. At this redshift, (B-Rc)
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brackets the 4000Å break, sensitive to galaxy mass-to-light ra-
tios, and therefore ensures robustness of our estimated masses.
To test for possible biases, we compare stellar masses from an
independent sample of galaxies with 5-band photometry to mea-
surements from 11 bands, suppress bands, and change extinction
laws and internal parameters. Overall we find that stellar mass is
a robust parameter. The average change is minimal within the
scatter, around 0.1 dex, generally smaller than the typical 68%
confidence intervals from LePhare.
2.4. Classifying the cluster galaxies
The mass-size – relation depends strongly on galaxy morpho-
logical type (disk-dominated/spheroid-dominated galaxies) and
star-formation rate (star-forming/quiescent galaxies). It is there-
fore sensible to consider the size distribution for samples of dif-
ferent types separately. This is especially true for galaxies in
clusters, as strong variations in type (e.g., Dressler 1980; Kauff-
mann et al. 2003; Treu et al. 2003; Brinchmann et al. 2004;
Wilman et al. 2009; Vulcani et al. 2015) and star-formation frac-
tions (e.g., Balogh et al. 2004; Pasquali et al. 2009; Peng et al.
2010b; Nantais et al. 2013; Muzzin et al. 2014) with environ-
ment have been found. In dense environments, the usual corre-
spondence between structure and star-formation breaks down.
Studies find that disk galaxies show a stronger dependence on
environment and become redder for higher densities (Bamford
et al. 2009; Wolf et al. 2009; Lopes et al. 2016). It is therefore
important to consider galaxies both classified according to their
morphological type as well as their star-formation activity.
To motivate our study, we first wish to compare our clus-
ter galaxy measurements with field measurements from van der
Wel et al. (2014) using data from the CANDELS survey. Fol-
lowing their approach, we therefore match the classification of
our galaxies into star-forming and quiescent galaxies depend-
ing on their location in color-color diagrams (e.g.„ Wuyts et al.
2007). Briefly, in these diagrams galaxies populate two different
sequences, an old-age sequence of quiescent galaxies and a star-
forming sequence of galaxies with stronger star-formation rates
and higher dust contents (e.g.„ Whitaker et al. 2013). These re-
gions are chosen arbitrarily by previous authors with the main
criteria that the boxed galaxies enclose the easily distinguished
passive population.
In their paper, van der Wel et al. (2014) use the popular
UVJ-diagram to separate galaxies into star-forming and quies-
cent populations. However, our optical 5-band Subaru photom-
etry does not include near infrared data. We therefore extended
our wavelength range synthetically by producing J-band magni-
tudes from Bruzual & Charlot (2003) models with LePhare to
compare the star-forming/quiescent selection with the less com-
monly used BRI-selection plots. We also verify the consistency
of quiescent galaxies in the BRI-color plot with stellar popula-
tion model tracks of a passively evolving galaxy with forma-
tion time at z=4. While the location of quiescent galaxies in
both selection diagrams are roughly consistent, the black open
squares in Fig. 2 demonstrates where the galaxies classified as
quiescent lie in the respective other identification plot. We notice
(and investigate) a difference among the classification diagrams:
more galaxies are classified as quiescent in the UVJ- than in the
BRI-diagram. They are likely a mix of passive and actively star-
forming galaxies. An inspection of the morphologies of these
galaxies reveal that these are often disky galaxies. The UVJ-
diagram was designed to separate pure quiescent galaxies from
galaxies with larger amounts of dust (i.e., red star-forming galax-
ies), typically less massive, which explains this discrepancy. This
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Fig. 3: The 3D distribution of the sample: Sérsic index n ver-
sus stellar mass, color coded by their (B-R) colors. The dashed
line indicates the hard cut in Sérsic index (n=2.5) used here for
the first morphological classification into disk-dominated and
spheroid-dominated galaxies.
difference, however, only plays a minor role in the general trends
of the mass-size diagrams. Because of their mixed assignments
to types, these galaxies do not have a preferred location in the
MSR; they evenly spread in-between the star-forming and the
quiescent relations. We find no change in the overall results of
the MSR when we interchange color-selections and therefore
show results for galaxies classified as star-forming/quiescent as
defined by their BRI-colors.
We also study the MSR of our sample as a function of galaxy
type as classified by their structure. We first divide the galaxies
by their single profile Sérsic index n which describes the shape
of the radial light profile, or concentration. The recent literature
has established n < 2.5 and n > 2.5 as the common separator
to distinguish between disk-dominated and spheroid-dominated
galaxies respectively (e.g., Shen et al. 2003; Barden et al. 2005;
Mei et al. 2012; Huertas-Company et al. 2013b; Graham 2013;
Cebrián & Trujillo 2014; Lange et al. 2015). This division has
been found to roughly correlate with quiescence (e.g.„ de Vau-
couleurs 1948) and the dominance of a spheroidal component
(Bruce et al. 2014). However, n depends on mass for early-type
galaxies, so care is required.
Stellar mass maps and colors do not project uniquely into
morphology. All distributions of structural and stellar population
parameters used for morphological determinations are washed
out by a considerable scatter. In our case, the cluster environ-
ment increases this scatter. For example, from observations in
nearby clusters, we know that even grand spiral design galaxies
are often red and passive (Wolf et al. 2009). A non-negligible
fraction of n<2.5, disk-dominated cluster galaxies are red and
some n>2.5, spheroid-dominated galaxies are blue, as seen in
Fig. 3. In our sample of MACS1206 galaxies, 22% of the red
quiescent population of our cluster galaxy sample have n<2.5,
i.e., are dominated by a disk.
Almost all existing studies of the environmental dependence
of galaxy sizes have been executed using single Sérsic light pro-
file fits to measure structures and effective radii. However, it
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is evident that galaxies falling into a cluster environment un-
dergo dramatic structural transformations, changing from star-
forming disk-galaxies to passive bulge-dominated systems. For
a comprehensive study of galaxy evolution in clusters, we there-
fore gain essential knowledge from tracing the individual galaxy
components, bulge and disk, by fitting two-component models.
At the simplest level, this approach allows us to classify galaxies
according to their bulge-dominance. The systematic behavior of
B/T ratio reflects the main hierarchical galaxy formation mech-
anisms (e.g., Steinmetz & Navarro 2002) and therefore defines
the position in the Hubble tuning fork diagram.
To calculate the bulge-to-total ratio, we consistently use the
two-component fits for every galaxy in our sample. We use the
band with the highest S/N, the Ic band, also chosen as the pri-
mary band on which all deblending and masking decisions are
made in GALAPAGOS-2. We note that the number of galaxies
in different bins only changes slightly (5% at the most) if we
change this to measurements of the V-band.
Today we know that the great majority of galaxies are made
up of multiple components. However, because of imperfect data
quality, there are cases where a single Sérsic fit is the better rep-
resentation of the light. While we acknowledge that there may
be statistical ways to determine whether a galaxy is best repre-
sented by 1- or 2-component models, this also introduces an arti-
ficial dichotomy into the population. The approach in this paper
of fitting every galaxy with 2 components assures consistency
by treating all galaxies in our sample in a homogeneous way.
For some galaxies, the fitting of two components failed. Rea-
sons could be neighboring sources that were not masked prop-
erly or because the galaxy simply does not have two components.
In these cases, the bulge measurements exceed any reasonable
number and these objects (12% of our sample) are therefore ex-
cluded from the discussion and any figures that use B/T mea-
surements.
3. Results: The size distribution of cluster galaxies
Galaxy sizes obey a log-normal distribution N(log r, σlog r),
where r, and potentially σ, are a function of galaxy mass. To
quantify the observed MSR, we first fit them with analytic for-
mulae, motivated by van der Wel et al. (2014) and Shen et al.
(2003)’s earlier work. Both authors found a single power law of
the form
logRe = a + b log
M
M
(2)
to be a good fit describing the data and its usage was recom-
mended for canonical references (Lange et al. 2015).
However, calculating the average sizes in bins of mass offer a
complementary description of the MSR that allows us to analyze
more subtle differences that may be attributed to cluster mech-
anisms, the main concern of this investigation. To quantify the
size distribution of galaxies, we therefore show both approaches
for our analysis.
(i) Power laws are shown in Fig. 4 as solid lines for star-
forming and quiescent galaxies of the cleaned data. The linear
least square fits are performed on data where obvious outliers to
the fit were removed (i.e., 5 galaxies lie significantly above the
general relation) and errors in stellar masses and effective radii
considered.
Our data allow mass limits down to log(M/M) = 8.5 for
late types and log(M/M) = 9.2 for early type galaxies. Observa-
tional limits do not permit conclusions of the very faint quiescent
cluster star-forming
cluster quiescent
field 
star-forming
field 
quiescent
cluster star-forming galaxies
cluster quiescent galaxies
Fig. 4: Comparison of stellar-mass – size relations of cluster
galaxies in MACS1206 (solid lines) to field galaxies from (van
der Wel et al. 2014) (dashed lines). This simple comparison
suggests some minor differences. Points are BRI-selected star-
forming (blue) and quiescent (red) cluster galaxies. The blue
and red solid lines are single power-law fits to the entire re-
spective weighted data log(M/M) > 8.5 for star-forming and
log(M/M) > 9.2 for quiescent galaxies (see Appendix A). Er-
ror bars on the points indicate the 68% confidence level on the
mass from SED fitting as well as (statistical) errors on the ef-
fective radii provided by GALFITM. Including these errors in
the fitting routine does not change the result significantly and we
indicate this change with the shaded area.
galaxy population. For MACS1206, the completeness for early
type galaxies starts to drop below 109.2M. (We refer to Sec. 2.2
and the Appendix for our discussion and figures on the sample
and incompletenesses). We show fit lines to field data (described
in more detail in section 3.1) as dashed lines in Fig. 4.
(ii) The second - and principal - approach to quantifying the
size distribution in MACS1206 uses weighted averages. In all
subsequent figures that feature the MSR, we show the mean sizes
in 0.5dex mass bins. The bins are connected by lines, and shaded
regions indicate the 1σ error on the weighted averages. In this
way, we ensure a direct comparisons with field data from van der
Wel et al. (2014) that use the same 0.5dex mass bins. We show
their field results as triangles in Fig.5. van der Wel et al. (2014)
used a slightly different cosmology from us, so the reported sizes
in our paper are ∼3% lager than in their work, a difference that it
completely buried in the relatively large scatter of the MSR and
also smaller than our typical error bars.
3.1. Comparison of galaxy sizes in the cluster to the field
Before concentrating on the cluster galaxies themselves, we first
compare the sizes of cluster members with those of field galax-
ies provided in van der Wel et al. (2014) who measured Sérsic
half-light radii with GALFIT for a large sample of galaxies in
the CANDELS field. They present the stellar-mass–size relation
both as redshift-dependent linear functions and binned medians
at six different redshift bins. In Figs. 4 and 5, these are interpo-
lated to our redshift and represented by red (quiescent) and blue
(star-forming) dashed lines and triangles.
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Galaxies possess significant radial color gradients. Their
sizes are therefore known to depend on wavelength (e.g., Kelvin
et al. 2012; Vulcani et al. 2014). For this reason, van der Wel
et al. (2014) present their MSRs corrected to a restframe wave-
length of 5000Å. This in turn demands the same choice of wave-
band for our measurements of effective radii, i.e., the V band (the
band including the wavelength of 5000Å) in order to minimize
the chance of misinterpreting any possible differences. Contrary
to van der Wel et al. (2014), we do not take a mis-classification
of 10% into account. Instead, we opt for showing the mass-size
relation for different classifications to directly highlight any dis-
crepancies resulting from various approaches reported in the re-
cent literature.
We show the stellar-mass – size relation for quiescent (in
red) and star-forming (blue symbols) MACS1206 cluster galax-
ies as defined by their BRI color space (see Section 2.4) in Fig.
4. We plot a power law to all galaxies above our mass limits
of log(M/M)=8.5 for late types and log(M/M)=9.2 for early
type galaxies.
At all mass bins, quiescent galaxies are smaller than star-
forming galaxies for a given mass, except at highest stellar
masses covered by our sample (galaxies of ∼ 1011M), where
we see that the quiescent and star-forming populations converge.
At very high stellar masses (> 2 × 1011M), the two populations
have similar sizes or reverse their size behavior. At first glance,
this simple approach suggests a striking trend for cluster star-
forming galaxies to be smaller than their field counterparts at
same mass. Sizes of quiescent galaxies appear to be comparable
or larger in the cluster than in the field environment.
This popular procedure of comparing linear fits obviously
over-simplifies the task at hand and can only hint at differences at
the high mass end of galaxies. Clearly, a more detailed analysis
is needed to adequately investigate any indications for a trend of
decreasing sizes of star-forming galaxies in clusters.
In Fig. 5 we therefore show the direct comparison of galaxy
sizes from our cluster data (solid points and lines) to the CAN-
DELS field measurements (triangles and dashed lines) in the
same bins of mass as specified by van der Wel et al. (2014). Er-
rors on the mean (which we refer to as σ in the following) for the
much larger field study are naturally smaller than for our clus-
ter sample. Instead, van der Wel et al. (2014), show the standard
deviation as 16th and 84th percentiles in their plots. Within the
16th and 84th percentiles of either data set, the field and cluster
relations (i.e., the clouds of points) naturally overlap, due to the
large scatter inherent to the mass-size relations for star-forming
and quiescent galaxies.
Comparing their underlying trends in Fig. 5, we see the same
overall behavior for galaxy sizes in the cluster as in the field,
i.e., the trends of cluster galaxies generally follow the field re-
lations for quiescent and star-forming galaxies. Looking more
closely, Fig. 5 reveals some discrepancies for average sizes of in-
termediate quiescent and high mass star-forming galaxies. First,
the relation for star-forming galaxies with masses greater than
1010 M deviates from the field relation towards smaller sizes.
When comparing at fixed stellar mass and in the same bin sizes
as van der Wel et al. (2014), the average sizes of star-forming
cluster galaxies for the two highest mass bins (i.e., between 10.5
and 11.5 log[M/M]) are more than 3 and 1 σ below the respec-
tive bins reported in the field.
The mass-size – relations of quiescent galaxies show the
same general behavior independent of their environment, i.e.,
quiescent galaxies are smaller than star-forming galaxies. The
residuals of cluster bins to the median field, however, reveal that
cluster 
star-forming 
cluster 
quiescent
field quiescent
field star-forming
Fig. 5: Comparison of the stellar-mass – size relations in field
and MACS1206 cluster environments for star-forming (blue)
and quiescent (red) galaxies and their errorbars. We divide the
sample into mass bins for a more detailed description of the
sizes. The solid lines show the weighted mean sizes in 0.5dex
mass bins of both samples. The shaded regions indicate the 1σ
error on the mean. The red and blue triangles are median points
for field galaxies from van der Wel et al. (2014), their Fig. 8,
interpolated to our redshift and connected by dashed lines.
quiescent galaxies of the intermediate mass bins are between 2
and 5 σ larger in the cluster than in the field.
Here, we conclude the direct comparison of the size distri-
bution for cluster and field galaxies. We saw that their mass-size
– relations for star-forming and quiescent galaxies show simi-
lar overall trends over wide mass-ranges. While their clouds of
points overlap, an obvious offset of the mean relations in some
places is apparent. We find indications for smaller sizes of high
mass star-forming galaxies in clusters, and for larger quiescent
galaxies at intermediate masses. We did this by contrasting the
mean sizes of cluster galaxies (and their errors) to those of field
data at same stellar mass bins. The preceding section compared
measurements in different data sets that were analyzed by dif-
ferent authors, so naturally, some care is required in interpret-
ing these results. However, note that the same software has been
used, with comparable setups, and with a careful match of wave-
length, redshift, and mass-bins. We therefore believe that our
comparison is fair. For the rest of the paper we concentrate on
the cluster members within our own data set and work towards
uncovering possible reasons for these variations.
3.2. The stellar-mass – size relation of galaxies in
MACS1206
While the key observables galaxy color and structure are well
correlated in the field, this dichotomy breaks down for dense
environments. The cluster environment boosts galaxy transfor-
mation from blue to red colors and from disk-dominated to
spheroid-domianted galaxies with a higher fraction of transition
objects. For example, we know that in clusters quenched, red
galaxies are not uniquely associated with high-Sérsic index n
galaxies. We therefore want to investigate if there are any dif-
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Fig. 6: Comparison of sizes for cluster galaxies divided by their
structure (dot-dashed lines) and by their color (solid lines). Mean
sizes agree well. Only at intermediate masses, disk-dominated
galaxies are slightly (1-2 σ) below size measurements of star-
forming galaxies (in blue colors). Lines show the weighted mean
sizes in 0.5dex mass bins of the clipped cluster data and shaded
regions indicate the 1σ error on the mean.
ferences in the MSR that arise as a result of this transformation
process inside the cluster.
3.2.1. The mass-size relation in clusters is a composition of
diverse populations
The following section compares the mass-size–relations of star-
forming and quiescent cluster galaxies and n < 2.5 disk-
dominated and n > 2.5 spheroid-dominated cluster galaxies. In
Fig. 6 we show the size distribution for disk- and spheroid cluster
galaxies as defined by their single Sérsic fit. As in the previous
plot (Fig. 5), the samples are further divided into 0.5dex mass
bins for which the weighted averages were computed on the
clipped sample. The general trend of disk-dominated galaxies
is similar to the star-forming one, the one of spheroid-dominated
galaxies to that of quiescent galaxies. (Dot-dashed lines repre-
sent galaxies divided by Sérsic index, solid lines repeat the trends
of galaxies classified according to their star-formation status as
seen in Fig. 5.)
The majority of star-forming galaxies are also galaxies with
low Sérsic index, so a very similar trend is not surprising. The
small discrepancy between the general trends of disk galaxies
and of star-forming galaxies 1 to 2σ at most) is likely due to a
number of quiescent disk-dominated galaxies (e.g., passive “red
disks”). This type of galaxy is classified quiescent in one se-
lection and disk-dominated in the other. More specifically, 361
galaxies have n<2.5 (i.e., are classified as disk-dominated galax-
ies), whereas only 313 are star-forming galaxies. For these “red
disks”, the correspondence between galaxy morphology and
color as we know it is no longer valid. This population of galax-
ies requires a physical process that shuts down star-formation but
leaves the disk in place - at least for a significant period of time.
The existence of a “transitioning population” of galaxies where
color and morphology do not match our expectations, suggests
red disks
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Fig. 7: The stellar-mass – size relation for star-forming galaxies
with n < 2.5 (blue), star-forming galaxies with n > 2.5 (green),
and quiescent galaxies with n > 2.5 (red), quiescent galaxies
with n < 2.5 (black). Star-forming disk galaxies are much larger
than all other sub-classes, just above the general cluster relation
for star-forming galaxies. Solid lines show the weighted mean
sizes in 0.5dex mass bins of the clipped data. The shaded regions
indicate the 1σ error on the mean. We also show the cluster rela-
tion for star-forming and quiescent galaxies presented in Fig. 5
as solid lines for comparison and the distribution of the types in
percentages.
different timescales for shutting down star-formation and turning
disks into spheroids.
The trends for quiescent and high Sérsic index galaxies agree
within the errors at all masses.
To further investigate the cluster population of objects tran-
sitioning from blue star-forming to red quiescent galaxies, we
break down the MSR in Fig. 7 into star-forming galaxies with
low (blue line), and high Sérsic index (green line), and quiescent
galaxies with low (black line), and high Sérsic index (red line).
The (blue) star-forming n < 2.5 population (in total 48% of
our sample) lies just above the relation of all star-forming galax-
ies in the cluster; all other types have significantly smaller sizes.
Quiescent spheroid-dominated galaxies (red) make up 20% of
the cluster sample; their sizes are consistent with the overall qui-
escent population. In addition to these “standard” types of the
galaxy bimodality, we find systems that do not identify with ei-
ther category. These are galaxies that are blue in color, i.e., star-
forming, but spheroid-dominated in structure; or they are red in
color, i.e., quiescent, but disk-dominated. They might present
a link between quenching of star-formation and morphological
evolution of galaxies. Different to the MSR of field galaxies, the
MSR for cluster galaxies will therefore always include a greater
mixture of galaxies at diverse transitional stages.
The green line represents a small population (10% in our
sample) of of spheroid-dominated galaxies that are still forming
stars. These galaxies are understood to be a mixture of recent
newcomers to the red sequence (Ruhland et al. 2009), or rejuve-
nated spheroid-dominated galaxies that have experienced a re-
cent period of star-formation after minor-mergers (Kaviraj et al.
2009) or in gas-rich environments (Kannappan et al. 2009). In
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Fig. 8: We show the dependence of the size distribution of clus-
ter galaxies on B/T. The plot highlights that the structure of the
galaxy, i.e., the strength of the bulge, influences the location of
the galaxy in the mass-size plane. Galaxies with lowest B/T have
greater sizes, clustering around and above the relation for star-
forming cluster galaxies (blue line), galaxies with highest B/T
lie on and below the quiescent cluster relation (red line).
our sample, this type of galaxy is considerably smaller than their
blue low-n counterparts, often as small as quiescent galaxies.
Fig. 7 reveals a surprisingly abundant population of quies-
cent galaxies with low Sérsic index: 22% of our sample are “red
disk” galaxies (black line). At intermediate to lower masses,
where this type of galaxy is most abundant, they have small
half-light radii, comparable to “traditional” quiescent spheroid-
dominated galaxies. This means that, even though they are
disk galaxies, their size distribution resembles that of spheroid-
dominated galaxies.
This observation leads to the fundamental question: Why are
the global size measurements of quiescent galaxies smaller than
for star-forming galaxies, seemingly independent of their struc-
ture as defined by their single Sérsic index? Or asked in a dif-
ferent way: What makes star-forming disk-dominated galaxies
become smaller when they become quiescent? We investigate
this question by analyzing the bulge and disk components of our
cluster galaxy sample. First, we show the galaxy population with
increasing bulge-to-total ratio (see Section 2.2 for the definition
of our classification) to test if an increase of bulge dominance
can be held responsible. We then plot the sizes of only the disk-
component for star-forming and quiescent galaxies separately
to examine whether the disk is becoming smaller in quiescent
galaxies.
3.2.2. Galaxy sizes depend on internal structures and
star-formation activity
We now turn to our two component measurements where we sep-
arate the galaxies into light contributions from bulges and disks
to distinguish between galaxies with increasing B/T-ratios. This
approach will give us valuable insight into processes that involve
the bulge.
Fig. 8 shows the mass-size relation for all cluster galax-
ies color-coded by their bulge-to-total ratio. It becomes evi-
M1206 cluster 
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residuals of sf 
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of quie galaxies
Fig. 9: Residuals from the star-forming relation vs. B/T. The
plots quantify the change of bulge-to-total ratio for cluster galax-
ies. For each galaxy we calculated the difference in size from the
relation defined by the star-forming cluster galaxies (represented
by blue dashed lines) and plotted these residuals as a function of
B/T. a) The top panel shows all galaxies, color-coded by their
mass, to preserve this information. The pink dot-dashed line is
the linear fit to all galaxies. Galaxies with higher B/T deviate
most from the SF line and thus have smaller sizes. b) The bottom
panel shows the linear fits (and their error bands) to star-forming
(blue) and quiescent (red) galaxies. We see that at same B/T, SF
galaxies are larger than QUIE galaxies. Furthermore, at higher
B/T, the average behavior oscillates from the SF to the QUIE
fit demonstrating that at low B/T, the larger sizes are dominated
by star-forming galaxies whereas at high B/T, smaller sizes are
attributed to quiescent galaxies.
dent that the mass-size relation systematically depends on the
strength of the bulge. It shows galaxies smoothly decreas-
ing in size as the bulge becomes more dominant. Rather than
showing a clear binary opposition (star-forming/quiescent, disk-
dominated/spheroid dominated), we see how the size distribu-
tion is gradually changing with increasing B/T. Systems close to
the cluster relation of star-forming galaxies are represented by
low B/T, i.e., late type disk galaxies, whereas high B/T (early
type) spheroid-dominated galaxies populate the region around
the steeper quiescent relation.
The sizes decrease naturally as the dominance of the more
compact spheroidal component increases.
The top panel in Fig. 9 expresses this information quantita-
tively: for each object we plot the difference of their effective ra-
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dius to the relation established by the star-forming cluster galax-
ies, versus B/T. The pink dot-dashed line presents their linear
fit. Galaxies with larger B/T values, and therefore greater domi-
nance of the bulge, are farther away from the star-formation re-
lation, which means, they are smaller. The color-coding shows
that, in general, they are also higher in mass.
In the lower panel of Fig. 9, we split the sample into star-
forming and quiescent galaxies, again plotting their residual size
to the star-forming (SF) cluster relation against B/T. While we
see the same trend in the x-direction, that is, of galaxies with
increasing B/T (low B/T galaxies have larger sizes, higher B/T
galaxies increasingly smaller sizes), there is a striking differ-
ence between star-forming and quiescent galaxies: independent
of their B/T ratio and at a given mass, star-forming galaxies
have larger sizes than quiescent galaxies. More specifically, star-
forming galaxies of all B/T are generally close in size to the
overall cluster star-forming population; quiescent galaxies, inde-
pendent of their B/T, are smaller, and thus closer to the relation
established for quiescent cluster galaxies.
In quiescent galaxies, the bulge is more dominant than in
star-forming galaxies, and a prominent bulge naturally leads to
smaller sizes. In addition, the figure illustrates that if we concen-
trate on star-forming and quiescent galaxies separately, there is
still a conspicuous difference in size – at same B/T. The figure
thus conveys that B/T alone cannot explain the picture presented
so far. Bulge dominance, therefore, can only be partly responsi-
ble, and other mechanisms connected to star-formation activity
must contribute as well.
Our cluster sample evidently reveals a difference in sizes be-
tween star-forming and quiescent galaxies at fixed B/T and mass.
The most readily available explanation for this is that the disk
component of quiescent galaxies was affected by the cluster en-
vironment. In the next section we will therefore examine whether
quiescent galaxies have smaller disk components, perhaps due to
an outer fading or truncation of the star-forming disks inside the
cluster.
3.2.3. The disk component of cluster galaxies is smaller for
quiescent galaxies
While it is evident that the cluster environment plays an essential
role in quenching galaxies, it is less clear how the structure of
galaxies change inside the cluster and how these two processes
are connected.
Cluster mechanisms that strip away the gas of galaxy halos
and disks will dim and redden the galaxies as their stars age.
This generally first occurs in disk outskirts, where star-formation
rates begin to drop and tidal stripping is most effective (Boselli
& Gavazzi 2006; Bekki 2009). If aspect plays a dominant role in
actively shaping galaxies in dense environments, we should be
able to see this in our data set.
With our bulge-disk decompositions, we can directly check
whether the galactic disk becomes smaller as star-formation
ceases in quiescent galaxies. This behavior is illustrated in
Fig. 10, where we present 3σ clipped fits to sizes for the disk
component of star-forming (blue) and quiescent (red) galaxies
versus stellar mass of the entire galaxy. The highest B/T qui-
escent galaxies may be best represented as spheroids only or
have unreliable disk measurements. We therefore exclude these
galaxies completely. In addition, any failed bulge-to-disk mea-
surements are not used in this fit (see Section 2.2). The resulting
trends for the cleaned galaxy sample, i.e., the most robust mea-
surements, suggest that the sizes of quiescent galaxy disks are
smaller than star-forming disks. This may arise from a fading
cluster sf relation
cluster quie relationsf disk component
quie disk component
Fig. 10: The distribution of sizes of the disk component for 3σ-
clipped data of star-forming (blue) and quiescent (red) galax-
ies. The overall trends suggest that disk components in quiescent
galaxies are smaller than in star-forming galaxies. For reference
we also include the whole-galaxy (single component) effective
radii relation.
Faint points represent galaxies excluded by the clipping routine.
of the outer disk, or brightening of the inner disk. However, we
will see later that the cluster environment is associated with in-
creased bulge-fractions (4.2), indicating that outer fading is the
dominant effect.
In Sec. 3.2.1, we discussed that the increase of transition
objects in clusters leads to smaller averages of sizes of disk-
dominated galaxies. The smaller disk-component sizes of quies-
cent galaxies cannot on their own account for the measured over-
all (bulge+disk) sizes of quiescent galaxies. However, together
with an increase of B/T in quiescent galaxies, resulting from disk
fading and possibly some bulge growth, these two effects can
account for the dependence of the MSR on star-formation and
location inside the cluster.
4. Results: The composition and buildup of the
galaxy cluster MACS1206
Our data cover cluster members of MACS1206 out to three virial
radii. This means, we sample both the densest part as well as
the infall regions of this massive cluster. It has been known for
decades that morphological Hubble types of galaxies are con-
nected to local density (Hubble & Humason 1931) and cluster-
centric radius (Whitmore et al. 1993). In the nearby and inter-
mediate high-z universe, astronomers have observed a signifi-
cant drop in the fraction of spiral galaxies from 80% in the field
to 60% in the outskirts of clusters to almost zero in the densest
cluster cores. The opposite trend is true for early type galaxies
(Dressler 1980). We illustrate this trend for our data by show-
ing the phase-space diagram of the galaxy cluster members (Sec.
4.1) and comparing velocity dispersions and fractions of galaxy
types as a function of position inside the cluster (Sec. 4.2).
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Fig. 11: The main figure shows the distribution of galaxies in phase-space, based on all spectroscopic members of MACS1206 used
in this study. We plot radius vs. velocity dispersion of star-forming (blue) and quiescent (red) galaxies. Symbols with black edges
show quiescent disk-dominated galaxies, i.e., "red disks". Their density distribution is highlighted with yellow shading, revealing
their preferred location between R200 and R500. The dashed vertical line indicates R200 ∼1.96 Mpc of the cluster (as reported in
Biviano et al. (2013)), and R500. Galaxies within the 2σ lines (inside the grey shaded area) are considered cluster members, between
the 2 and 6σ lines are infalling galaxies. The top panel shows the 2D distribution of all star-forming and quiescent members
estimated using Gaussian kernel density estimation (KDE). We show B/T as a function of cluster-centric radius, normalized by
R200. The plot demonstrates the distribution of galaxies across the cluster according to their morphology (expressed in B/T): at
greatest distances to the cluster center, we find star-forming galaxies with a spread of lower B/T. Their B/T values increase inside
200. Finally, inside R500, quiescent galaxies with higher B/T values prevail.
4.1. Phase-space diagram
Figure 11 presents the position-velocity ( phase-space) diagram
for star-forming and quiescent members of the massive cluster
MACS1206 (with velocity dispersion σ ∼ 1087km/s). The dis-
tance to the cluster center, as defined by the brightest cluster
galaxy, is plotted against the deviation in velocity space. While
this diagram has some drawbacks, it offers a statistical associ-
ation of cluster galaxies based on their distribution in the plot
(Haines et al. 2012).
The position-velocity diagram can be used to statistically
categorize galaxies into an old, virialized population that was
formed locally, or was accreted at an earlier epoch when the
young cluster was first assembled. These galaxies are found in
the cluster core with small line of sight velocities, segregated
from the population of galaxies that was accreted at a later stage.
These are more common at higher cluster-centric radii and close
to the caustics with higher velocities, as they are currently being
accelerated into the cluster. Galaxies with high velocity disper-
sion have yet to cross the cluster and thus show how the cluster
continues to be constructed.
As galaxies fall into clusters, they are affected by the hos-
tile environment and likely to be quenched in relatively short
timescales. A combination of intergalactic medium and gravita-
tional interactions are thought to be responsible for galaxy trans-
formations (see, for example, the review by Boselli & Gavazzi
(2006) for more detail). Each mechanism acts in a different den-
sity regime. For this reason, we highlight three physically moti-
vated radial bins in the phase space diagram:
– R < R500: the ICM-dominated core
– R500 < R < R200: the tidally active region within R200
– R > R200: the infall region out to 3 virial radii where galaxies
encounter the cluster halo for the first time,
where R500 (R200) denotes the distance where the density is 500
(200) times the ambient density (see Section 2.1). Our further
analysis thus focuses on trends across these radial bins to look
for cluster-specific effects on a global scale.
The top panel of Fig. 11 shows the morphology-density rela-
tion, summarized as 2D histograms B/T vs. cluster-centric ra-
dius. It demonstrates how typical B/T ratios shift from lower
to higher values with decreasing cluster-centric distances. This
is consistent with studies at low redshift and mirrors the known
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Fig. 12: Velocity dispersions (top) and distribution along cluster-centric radius (bottom) of four galaxy populations inside
MACS1206: blue disks (star-forming and n < 2.5), blue spheroids (star-forming and n > 2.5), red disks (quiescent and n < 2.5), and
red spheroids (quiescent and n > 2.5). Blue disks have large velocity dispersions, which indicates a young, unvirialized population.
Velocity dispersion of blue spheroids shows two components, a narrow peak and extended wings. This can be a sign for a mix
of virialized and unvirialized, possibly infalling, galaxies. Both red sub-populations have small velocity disperions, and are thus
virialized. However, they are found in different locations in the cluster.
color- and star-formation density relations (e.g., Goto et al. 2003;
Blanton et al. 2005; Verdugo et al. 2008; Ziparo et al. 2014). Try-
ing to understand whether these two effects are related is one of
the objectives of this work.
Dividing galaxies according to their star-formation status,
we observe that star-forming galaxies have a larger spread of
B/T ratios than quiescent ones. In particular, we do not observe
star-forming galaxies with very low B/T values (pure disks) in
the inner regions; conversely, they are well represented in the
cluster outskirts and infall region outside the virial radius. Here,
we measure local densities of just a few galaxies per square
arcminute, and only 25% of the galaxies are ellipticals. In the
transitional region of R500 < R < R200 we see a large num-
ber of galaxies with intermediate B/T values. Many of these
are still star-forming; however, an increasingly large fraction
of quenched galaxies of slightly higher B/T are present in the
same regime. In the innermost region R < R500, already half
of the galaxies are spheroid-dominated galaxies. They are typi-
cally quiescent and their B/T peak around values between 0.6 <
B/T < 0.7. A very small number of galaxies with low B/T in the
center seem to have not been affected by the cluster, but continue
to form stars. These galaxies haven’t yet interacted with the clus-
ter or “survive” the cluster environment, thus maintaining their
star-formation activity.
In the phase-space diagram, we mark “red disks” with black
outlines and highlight their location with filled density contours
in yellow. (As a reminder, this is the transitional population that
is quiescent, yet disk-dominated.) We find an excess of this pop-
ulation in the intermediate cluster regime, R500 < R < R200, with
a few exceptions that lie in a denser clump in an infalling group.
In a comprehensive study of substructures of MACS1206, Gi-
rardi et al. (2015) have found several more, albeit less prominent,
low overdensities in the projected galaxy distribution. Apart
from these peaks, cluster galaxies classified by their spectral fea-
tures (in their case into seven sub-classes from passive to very
strong emission line galaxies) seem to have a much clearer sepa-
ration in phase-space than when classified by their star-formation
status (from color information) and morphologies like we do in
Fig. 11. Emission line galaxies are almost exclusively found out-
side the virial radius, R200, whereas galaxies with prominent disk
components also populate areas farther inside the cluster, seem-
ingly remaining their disk structure for longer.
4.2. Cluster demographics of the galaxy population in
MACS1206
The fraction of galaxies that have been quenched at a given mass
is a strong parameter in shaping the average half-light radius and
thus the size distribution of galaxies (Lilly & Carollo 2016). To
understand the stellar-mass – size relation in MACS1206, it is
important to analyze the distribution of the different galaxy pop-
ulations inside the cluster.
We have seen that MACS1206 hosts a large number of tran-
sition objects that are interesting for our galaxy evolution study,
e.g., half of the quiescent galaxies are disk-dominated. We now
use the information given by the phase-space analysis to investi-
gate the individual sub-populations that we introduced in Sec.
3.2.1 and Fig. 7: star-forming disk-dominated ("blue disks"),
star-forming spheroid-domianted ("blue spheroids"), quiescent
disk-dominated ("red disks") and quiescent spheroid-domianted
("red spheroids"). The top row in Fig. 12 shows the distribu-
tions of velocity dispersions of these four groups, where bands
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Fig. 13: We plot stellar masses vs sizes in kpc for cluster members inside (solid lines) and outside (dashed lines) R200. Left:The
galaxies are classified into disk-dominated (blue) and spheroid-dominated (red) galaxies by their Sérsic indices. Disk-dominated
galaxies closer to the cluster core are smaller at intermediate masses. Spheroid-dominated galaxies show little size variation in these
two regimes. As before, lines represent mean values with their 1σ error bands. Right: MSR for star-forming (blue) and quiescent
(red) galaxies. Sizes of star-forming galaxies differ marginally and only in one mass bin, whereas quiescent galaxies are consistently
larger outside R200. This disagreement, as indicated by the 1σ error bands, is of the order of 1 to 3 σ.
Table 1: Velocity dispersions for four subgroups of galaxy mem-
bers and results of their K-S tests
Galaxy sub-population # velocity dispersion
(2-σ clipped) [km s−1]
blue disks 253 2585 (2117) ±178
blue spheroids 64 2185 (967) ±507
red disks 108 1096 (741)±171(741)
red spheroids 118 1247 (932) ±131
Compared Samples p-value(%) K-S test
blue disks vs. blue spheroids 6.3
blue spheroids vs. red disks «1
red disks vs. red spheroids «1
blue spheroids vs. red spheroids «1
blue spheroids vs. red disks «1
red disks vs. red spheroids 2.4
show the variations of normalized Gaussian fits from a bootstrap-
ping procedure of 100 resamplings, indicated by the thin lines.
Each panel shows the fractions of the considered population. We
tested whether the four samples differ from a normal distribu-
tion by applying a normaltest (D’Agostino & Pearson 1973). In
general, the populations are well represented by Gaussians. An
exception are blue disks: their p-value of the normaltest reject
that they are drawn from a normal distribution.
The values of their velocity dispersions are reported in Table
1, along with results from the Kolmogorov-Smirnov (K-S) test1
of the radial distribution in the cluster (shown in the the bottom
row of Fig. 12). The velocity dispersion of the two star-forming
subgroups are similarly high (2585 km s−1 for blue disks and
2185 km s−1 for blue spheroids), indicating a new, unvirialized
population of the cluster. However, they are the only pair where
1 The K-S test assesses the statistical significance of the difference of
populations by comparing the shapes of their cumulative distribution
functions.
the K-S test does not rule out the null hypothesis (that both popu-
lations are drawn from the same parent distribution), with a prob-
ability of 6.3%. Blue spheroids seem to have two components
of the velocity dispersion profiles: a narrow central distribution,
very similar to the red galaxies and extended wings that bias the
velocity dispersion and are responsible for their overall wide dis-
tribution and high errors. The green dashed line in Fig. 12 indi-
cates this narrow distribution (with a velocity dispersion of 1078
km s−1) after a 2σ-clipping was performed. Sigma-clipping of
the other populations, indicated by dashed lines and written in
parentheses in table 1 did not significantly change their velocity
dispersion. This might indicate that most of these galaxies form
part of a virialized population, similar to the quiescent galaxies.
Alternatively, these could be galaxies of the inner cluster regions
that still actively form stars. Blue spheroids are located in the
cluster center as well as in the outskirts. Whether this population
has a relatively high fraction of infalling galaxies, or whether
what we see is simply noise, is unclear. Since only 10% of our
cluster members are blue spheroids (see Fig. 7), the numbers
available for this group of galaxies is very low.
Relating the two sub-types of quiescent galaxies, we see that
they have comparably small velocity dispersions, regardless of
their morphological type (red disks and red spheroids). However,
their spatial distributions differ: red disks avoid the innermost
regions of the cluster, an area where red spheroids dominate. A
reason for this could be a difference in age. We expect the loca-
tion of an older, virialized population to be in the cluster center
and a younger population farther outside (Haines et al. 2013).
The relative number of galaxies of different populations de-
pends on the density of the environment. This is reflected by the
changing fractions of star-forming and quiescent galaxies along
the cluster-centric radius (see bottom row of Fig. 12 for changing
fractions of the four sub-groups).
The number of star-forming galaxies that make up 72% of
the population in the outskirts of the cluster, decreases dramat-
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ically inside the virial radius R200, reducing to 40% of the pop-
ulation closest to the cluster center. These fractions are consis-
tent with studies of the Butcher-Oemler effect at similar redshifts
(Ellingson et al. 2001; Hennig et al. 2017).
Consequently, the fraction of quiescent galaxies in each
regime more than doubles (from 28% of galaxies at R > R200 to
60% near the cluster center). In MACS1206, around half of the
quiescent galaxies are disky. While 60% of quiescent galaxies
in the intermediate regime have disks, this drops to 33% inside
R500. In addition, as we have discussed, red disks are absent from
areas closest to the cluster center.
4.3. Do galaxy sizes depend on cluster-centric radii?
In this chapter, we analyze variations of the stellar-mass–size re-
lation inside and outside R200. The aim here is to investigate any
transition signatures with our observations of cluster galaxies in
MACS1206 and relate them to galaxy sizes. We follow the MSR
of star-forming/quiescent, n < 2.5/n > 2.5 and over different
cluster radial bins. We pay particular attention to a transitional
population of quiescent disk-dominated galaxies that influence
the behavior of the relation inside the cluster before turning to
our bulge-to-total measurements.
In the previous sections, we showed that galaxy sizes inside a
cluster depend on their type. We have also seen that the makeup
of galaxies inside a cluster changes considerably over the three
radial bins probed in this paper, and that the correlation between
morphology and star-formation activity is not absolute.
Next, we therefore examine the mass-size relation for n <
2.5 disk-dominated and n > 2.5 spheroid-dominated galaxies
(left panel in Fig. 13), and star-forming and quiescent galaxies
(right panel in Fig. 13) as a function of cluster-centric radii. In
order to increase our number statistics, we do this for galaxies in-
side and outside R200, i.e., in regions for which we might expect
diverging properties.
While the direction of trends towards smaller sizes closer
to the cluster center is the same for star-forming and disk-
dominated galaxies (just as they are for quiescent and spheroid-
dominated), changes in size are more noticeable in the structures
of galaxies. At intermediate masses, galaxies with single Sersic
n < 2.5 are smaller closer to the cluster center than they are far-
ther out. The error bands show that this discrepancy is significant
(between 2 and 6σ) at mass ranges where disk galaxies are abun-
dant in both radial bins. Spheroid-dominated galaxies tend to be
smaller inside the cluster center. However, larger errors, due to
the large scatter, reduce the significance for this population.
In the right panel of Fig. 13 we compare sizes for star-
forming and quiescent galaxies inside and outside R200. While
we do not see any conclusive differences for galaxies that retain
their star-formation activity in the cluster center in comparison
to star-forming galaxies at R > R200 (except in one mass bin),
quiescent galaxies show a tendency (2 σ) to be smaller inside
R200.
For an explanation of these signatures we need to combine
our observations: sizes for disk-dominated galaxies decrease in-
side R200, because half of them have already quenched. Already
in Fig. 7 we have seen that quenched disks are much smaller
than star-forming disks. Fig. 14 now clearly demonstrates the
rise inside R200 and decreased sizes of this population by con-
trasting the size- and spatial distribution of star-forming (in blue)
and quiescent (in black) disks inside MACS1206. Evidently, the
appearance of “red disks” in the intermediate region, and their
starkly smaller sizes are responsible for pulling down the MSR
of disks inside R200.
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Fig. 14: Differences in size to the star-formation relation (as
shown in Fig. 9) vs. cluster-centric distance, normalized by R200.
We show density contours for blue and red disk galaxies. At R200,
an increasingly important population of "red disk" galaxies is re-
sponsible for a decrease of sizes of disk-dominated galaxies.
Red disks can also explain the difference of the MSR of qui-
escent galaxies inside and outside R200. More than half of all red
galaxies outside R200 are disk-dominated. Their sizes are slightly
larger outside than inside R200, presumably because they have
recently quenched and their disks have not had as much time to
fade. This is supported by the finding of an increasing fraction
of galaxies with higher B/T closer to the cluster center (Fig. 11)
and their observed smaller sizes (Fig. 8).
Combining our observational results, we conclude that the
location of a galaxy in the mass-size relation mainly depends on
their structure/bulge fraction (which is connected to a reduction
of the disk component) and their star-formation status: galaxies
have increasingly smaller effective radii at increasingly larger
B/T and are more likely to be quiescent. Any representation of
the mass-size relation will therefore be influenced by the varying
fraction of galaxies corresponding to the different types, i.e., the
composition of the cluster. However, while the relative number
of galaxies shift to higher B/T values at smaller cluster-centric
radii, the sizes of galaxies at a specific B/T largely stays the
same. To put in another way, at fixed morphology (B/T), we ob-
serve a strong variation in the number of star-forming and quies-
cent galaxies with cluster-centric radius. Once again we come to
the understanding that the sizes of galaxies in clusters vary as a
result to a combination of several effects that are almost impos-
sible to disentangle.
5. Discussion
In this paper, we have used the stellar-mass—size relation as a
tool to investigate how a massive galaxy cluster affects its mem-
bers. This revealed variations of the galaxy size distribution that
relate to changes of the star-formation activity and morphologies
of galaxies in clusters.
There are several mechanisms specific to clusters that are ca-
pable of suppressing star-formation by removing or disrupting
the interstellar gas in galactic disks and halos. Firstly, because
the extended halo gas component is only loosely bound to the
galaxy, it is easily stripped in cluster conditions. Numerical sim-
ulations show that after entering a galaxy cluster halo, the tidal
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field of the cluster first distorts and finally disperses the disk halo
gas into the intra-cluster region. The disk does not receive fresh
gas, and feedback from active galactic nuclei and supernovae
becomes more efficient in ejecting disk gas. As a result, star-
formation ceases, and the galaxy becomes more fragile (Bekki
et al. 2001). These “strangulation” processes (Larson et al. 1980)
are characterized by the immediate onset of a gradual and slow
decline of the star-formation (τ > 1 Gyrs, McGee et al. 2009;
Weinmann et al. 2010; De Lucia et al. 2012). Eventually, cluster
galaxies use up their gas supply and become passive. While the
processes acting on the halo gas are important, they cannot be
responsible for any rapid changes and are not linked to a specific
location in the cluster.
As galaxies continue to fall into denser regions of the cluster,
they are susceptible to processes exerted by the hot intracluster
medium acting on the gas in the disk as well as the halo. The
gas component in the galaxy experiences ram pressure that, if
sufficiently strong, strips the disk gas (Gunn & Gott 1972). Be-
cause the surface densities of stars and gas declines as a function
of galacto-centric distance, stripping will be more effective in
the outskirts of galactic disks (Abadi et al. 1999). The suppres-
sion of star-formation thus starts in the outskirts such that the
galaxy quenches in an outside-in fashion (Schaefer et al. 2017).
This is likely a rapid process, starting around the virial radius
of the cluster that leads to a fast quenching of star-formation.
Especially if the gas disk is already porous, ram-pressure strip-
ping may in some cases strip the entire cold gas reservoir within
∼ 108yrs (Quilis et al. 2000).
Furthermore, the gas-poor galaxies are more easily disrupted
by gravitational interactions acting on the stellar component.
These include minor-mergers (Hopkins et al. 2009b) and galaxy
“harassment”: the effect of rapid close encounters of cluster
galaxies in combination with interactions with the cluster poten-
tial itself. As a consequence, the fragile disks are impulsively
heated and tidally stripped (Farouki & Shapiro 1981; Moore
et al. 1996). At the same time, these high speed encounters can
also cause gas to sink towards the center of the disk, which helps
in the formation of the bulge and further consumes gas. While
this process likely requires long timescales to become effective,
simulations of harassment are capable of reproducing observed
properties of environmentally transformed early types in clusters
(Mastropietro et al. 2005).
All of these processes have profound implications on the
morphologies of galaxies. Halo- and disk-gas stripping are
mechanisms that eventually stop the galaxy from forming stars.
As a consequence of the gas stripping in the outskirts first, the
outer regions of the stellar disks fade and the spheroidal com-
ponent becomes more dominant. Because the shape of the light
profiles change, they are best fit with higher Sérsic index param-
eters n. The absence of star-forming regions also makes passive
galaxies appear smoother. In addition, tidal processes may re-
arrange the distribution of the stars, which further affects their
morphologies.
Previous studies have shown direct observational evidence of
cluster mechanisms affecting the gas and stars in galaxies. Sur-
veys in nearby clusters have shown that up to 50% of observed
late-type galaxies show tails of ionized gas (sometimes with
embedded star-forming regions) extending from the disks and
pointing in the opposite direction of the cluster center (Yagi et al.
2010; Boselli & Gavazzi 2014). These observations are taken as
direct evidence of ongoing ram-pressure stripping events.
Observations of an abundant population of passive disk-
dominated galaxies in clusters offer another clear signature for
environmental processes. In the past, publications have high-
lighted the class of anaemic (van den Bergh 1976) or passive
spirals (Goto et al. 2003), with findings of quenched HI-deficient
disks (Vogt et al. 2004). Accordingly, Koopmann & Kenney
(2004) compared Hα observations with optical data and found
a high fraction of Hα-truncated galaxies in the cluster environ-
ment. The galaxies, though affected by stripping from the ICM,
have relatively undisturbed stellar disks with star-formation con-
fined to the inner disk. The high abundance of these galaxies
suggests that cluster galaxies experience a common phase of
“red disks” on their way to the red sequence (Moran et al. 2007;
Bundy et al. 2010). The identification of these objects highlight
a transition phase in the evolutionary sequence of galaxies influ-
enced by cluster mechanisms.
Throughout this paper, we presented clear signatures linked
to the well defined observables colors, sizes, masses and bulge-
to-total ratios. Disk- and spheroid-dominated galaxies were sep-
arated by their single Sérsic index n < 2.5 and n > 2.5 respec-
tively and star-forming and quiescent galaxies were defined by
their BRI-color selection.
We first saw that the stellar-mass–size relation of star-
forming and quiescent galaxies in the massive cluster
MACS1206 roughly resembles that of field galaxies, with two
exceptions: high-mass star-forming galaxies (above 1010M) are
smaller, and quiescent cluster galaxies are slightly larger than
their field counterparts. While the time for galaxies to cross the
cluster is independent of their mass, massive star-forming galax-
ies undergo a slow quenching process as they are accreted onto
the cluster, consistent with a gradual shut down of star-formation
(Haines et al. 2013). The galaxies do not fully quench at first
crossing and are only partially affected by the time they reach
the turning-point. As we discussed above, the cluster mecha-
nisms first shut off star-formation in the outskirts of the galaxy,
fading the outer disk. Because high mass galaxies are typically
large, even after the disk outskirts are stripped of gas, enough of
the disk component remains to form stars. In other words, their
truncation radii will not reach all the way into the inner regions.
Rather, their disk stars fade slowly, gradually reducing their sizes
while still continuing with a low level of central star-formation.
Low mass galaxies are more vulnerable to the environ-
ment and generally quench and change their morphology more
quickly. According to the MSR, low mass galaxies are smaller,
so the effect of ram-pressure has the possibility to strip the star-
forming disk gas completely in one crossing time. Quenching
therefore occurs so fast that they move out of the star-forming
category immediately and become part of the quiescent sam-
ple. The different quenching timescales for low- and high-mass
galaxies thus explain the cause of the observed differences be-
tween the MSRs of cluster and field galaxies.
We then moved on to compare the mass-size relation of
galaxies in MACS1206 divided by their star-formation status
with those selected by structure. We saw that at intermediate
masses, disk-dominated galaxies are on average slightly smaller
than star-forming galaxies. We attribute this to a population of
smaller “red disks” that are particularly prevalent in clusters
(22% of our entire sample and half of all quiescent galaxies).
This “red disk” population is classified as quiescent in one se-
lection and disk-dominated in the other, which leads to a larger
number of disks than star-forming galaxies and occur at all
masses above 109M inside the cluster. Later, when we iden-
tified the cluster radius at which galaxy signatures change, we
were able to link the intermediate cluster regime, between R500
and R200, to the rise of this population. It is in this region where
galaxies become subject to an increasing dominance of the ICM
and the general dichotomy of galaxies into early and late types
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breaks down. Dynamically, quiescent disks are virialized, just
as the quiescent spheroid-dominated population they are most
likely going to evolve into. However, red spheroids populate a
different location in the cluster; they dominate in the core where
the oldest members of the cluster reside - a region red disks
avoid. Inside R200, the sizes of red disks are comparable to the
sizes of red spheroids, however, without a complete compaction
of the galaxies’s stellar distributions.
We link the smaller sizes to two signatures we observe:
bulges becoming more dominant and disk sizes decrease. This
suggests that by the time the galaxies enter the "red disk" phase,
a fading of the outer disks and morphological transformation
are on its way. It is appealing to assume that the quenching of
star-forming galaxies also depend on their internal structure and
that environmental quenching is directly related to bulge growth.
Bulges are thus either prerequisite for the transformation of star-
forming galaxies to the red sequence or are formed (or grow) by
this quenching process (Domínguez-Palmero & Balcells 2009;
Cappellari et al. 2013).
Because the disk structures are kept in tact, a gentle quench-
ing process is likely responsible for shutting off the star forma-
tion in red disk galaxies. The observed signatures may be the
consequence of the removal of gas, most notably by the fast-
acting ram-pressure stripping that operates in the intermediate
regime between R500 and R200. While this is a likely candidate
to rapidly strip the galaxy of its star-forming outskirts, fading
of the outer disks may be at least partially caused by harassment
and begun by strangulation. These are processes less violent than
e.g., major mergers that lead to a destruction of the disk. In this
scenario, galaxies closer to the core have typically had more time
for their disk component to fade, reflected in a lower mass-size
relations for disk galaxies inside R200.
Although “red disks” do occur in the field (∼ 10% of galax-
ies in low density environments), there the strong preference for
higher masses suggests a different cause. Most field “red disks”,
can be attributed to edge-on inclination and significant dust red-
dening effects (Bamford et al. 2009). In clusters, their fraction is
around five times higher, supporting our interpretation that the
“red disk” population we observe in MACS1206 results from
processes caused by the cluster environment.
Wolf et al. (2005), using COMBO-17 cluster data, found
that, while optically quiescent red spirals continue to form stars
in the inner dust obscured region after their outer disks have
been stripped by the ICM. In this scenario, star-formation is
hidden from the optical light, and only visible in the infrared.
The red colors are then partially the result of the high dust ex-
tinction. This central star-formation increases bulge sizes which
fits well with our measurements of increasing bulge-to-total val-
ues. In their sample of super-cluster galaxies, dusty spirals prefer
medium-density regions, similar to our “red disk” sample.
The global mass-size relations for quiescent and spheroid-
dominated galaxies in MACS1206 are comparable to each other.
The early-type population is likely dominated by galaxies that
have quenched a long time ago, and we might therefore expect
them to be (uniformly) compact. However, they have been sub-
ject to cluster specific effects like harassment and - to some ex-
tend - dry minor merging that are capable of puffing up the outer
parts of galaxies. In addition, a population of more extended,
newly quenched galaxies is added to the mix. While the high
mass end of the quiescent population is globally in place at this
redshift (z ∼ 0.5), galaxies at lower masses thus evolve inside
the cluster.
Quiescent galaxies in MACS1206 are not uniformly small
at all cluster-centric radii. They are smallest inside R200, where
clusters host a high fraction of galaxies that have quenched and
become compact at high redshifts (van der Wel et al. 2014;
Lilly & Carollo 2016). They have been part of the cluster the
longest (Haines et al. 2013). These galaxies boast red colors,
high masses, high B/T and relatively small effective radii. This is
consistent with the findings of a systematic survey of the COS-
MOS field by Damjanov et al. (2015) that highlight a prefer-
ence of massive compact galaxies for denser regions. However,
red galaxies do not retain their compactness completely every-
where in the cluster. They are intermixed at increasingly large
cluster-centric radii with newly quenched (and slightly larger)
galaxies whose gas has been quickly removed by the cluster en-
vironment. After being stripped of their gas, lower mass star-
forming galaxies quench and change their morphology quickly.
As a consequence, their Sérsic indices increase and the galax-
ies move from the disk- to the spheroid-dominated category of
our sample. As their remaining disks continue to fade, the newly
quenched galaxies have larger sizes outside than inside R200.
The mass-size relation can therefore be understood as the
consequence of a mix of different progenitors formed at a range
of quenching epochs and by a number of quenching mecha-
nisms. As a consequence, the galaxy population inside a clus-
ter is the reflection of a complex combination of effects. This in
turn weakens any signal of specific environmental effects for the
cluster population.
6. Summary
The stellar-mass – size relation can be used to improve our un-
derstanding of galaxy evolution in varying environments. We an-
alyzed the size distribution of cluster members of the massive
galaxy cluster MACS J1206.2-0847 first in comparison to the
field and then for the entire cluster and at decreasing cluster-
centric radii. Any dependence of the environment on the size
distribution of galaxies is mass and morphology dependent. We
therefore follow trends for galaxies in 0.5dex bins in mass, di-
vided into star-forming and quiescent galaxies, into disk- and
spheroid-dominated galaxies and as a function of B/T. It be-
comes evident that changes in star-formation act on different
timescales and in different environmental regimes, and are not
necessarily directly related to changes in morphology.
Our investigation revealed the following observational re-
sults and correlations:
– In comparison to the field, we measure smaller sizes for mas-
sive late type galaxies and larger sizes for early type galax-
ies in the cluster. The first, we attribute to the difference
in transformation timescales for high and low mass galax-
ies: essentially, the mass of a galaxy influences its resis-
tance against violent cluster-specific effects. The more mas-
sive star-forming (disk) galaxies survive inside the cluster
for longer and therefore also keep forming stars for longer
(i.e., they continue to be part of our star-formation selection),
while their outer disk slowly fades and, as a result, smaller ef-
fective radii are measured. The second, we explain by show-
ing an increasingly important population of newly quenched
galaxies with larger sizes, many of which are transitional ob-
jects.
– At intermediate masses, the sizes of disk-dominated galaxies
tend to be smaller than sizes of star-forming galaxies (classi-
fied by their color). This is due to the rising number of tran-
sitional objects, most notably galaxies that are quiescent but
have retained their disk morphology, in the tidally active in-
termediate and inner cluster regime R < R200. Here, “red
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disk” galaxies resemble the size distribution of red spheroid
galaxies, but not their stellar structure or bulge fraction. Not
only are they responsible for a decrease of the overall sizes
for disk galaxies, they contribute to larger average sizes of
quiescent outside R200.
– The investigation of the spatial distribution and veloc-
ity dispersions of different subclasses (i.e., blue disks,
blue spheroids, red disks, red spheroids) revealed that red
disks are a virialized population; however, their location
in the cluster suggests they are younger members than red
spheroids. The unvirialized blue disks are preferentially
located at higher cluster-centric radii while star-forming
spheroids are made up of a mix of populations spread out
over the projected area of the cluster.
– Inside the cluster, the stellar-mass – size relation is not a
representation of two distinguishable trends, one for star-
forming disks and one for quiescent spheroids. It rather
presents itself as a picture of galaxy sizes smoothly decreas-
ing as a function of bulge fraction with little mass varia-
tion. Independent of their B/T and mass, quiescent galax-
ies are smaller than their star-forming counterparts. This is
due to an outer disk-fading and possible bulge growth that
accompanies the varying fraction of star-forming and quies-
cent galaxies already present in the cluster. We make a com-
bination of ram-pressure stripping of the cold gas and other
forms of gentle, more gradual gas starvation responsible for
this newly quenched population, dominated by galaxies with
high bulge fractions.
While this study focused on the environmental dependen-
cies, we anticipate to continue this investigation with multi-band
high resolution images of cluster core galaxies to further study
the colors of the galaxy components. We need to confirm the
significance of individual populations like transition objects and
expand this study with an inspection of the stellar population
of cluster members. While disentangling the formation and
evolution mechanisms of galaxies inside clusters is a complex
endeavor, the prospects are increasingly auspicious with high
quality data.
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A. Appendix A: Investigation of the completeness
of the presented spectroscopic sample
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Fig. 15: Stellar masses as a function of R-band magnitudes for
our sample of MACS1206 members. Galaxies are color coded by
their (B-R) color. The relation between magnitudes and masses
allows the translation of completeness magnitudes to mass limits
used in our study, represented by dashed (for quiescent galaxies)
and dotted lines (for star-forming galaxies).
In Figure 15, we demonstrate our mass completeness limits
from a conversion of R-band apparent magnitude to masses (in
log[M/M]), based on their relation. Intrinsically, star-forming
galaxies are less massive than quiescent galaxies, therefore we
adopt color-dependent mass limits, conform with our compari-
son field sample. The vertical dashed/dotted lines represent the
completeness magnitude of our sample for red/blue galaxies, and
the horizontal line represents the corresponding completeness
mass. For (color-selected) star-forming galaxies this results in
a completeness mass limit of log(M/M)=8.5 (blue dotted line);
for quiescent galaxies our limit is log(M/M)=9.2 (red dashed
line).
Next, we investigate possible incompleteness in our spectro-
scopic sample to ensure that it provides an unbiased representa-
tion of the galaxy population.
Incompleteness may depend not only on observed magni-
tude (and mass), but also on other measured parameters, like
galaxy colors, sizes and concentration. In Fig. 16 we look at
the on-sky completeness of the sample in terms of color, size
(from FLUX_RADIUS measurements) and R90/R50 (the ratio
of galaxy radii containing 90% and 50% of the flux) as a measure
of concentration as a function of magnitude. Figures in the first
row show 2d histograms of galaxies in the photometric sample.
This was compiled from a SExtractor run, cleaned of stars and
matched to the area of the VIMOS field of view to overlap the
spectroscopic sample. Furthermore, we selected the galaxies in a
photometric redshift range between z=0.4 and z=0.5 to roughly
frame the galaxy cluster. The middle column shows the distri-
bution of galaxies in the spectroscopic sample, selected in the
same photometric redshift range. This selection provides a well-
defined, complete sample of galaxies in and around the cluster,
against which we compare our spectroscopic selection. The third
column presents the fraction between the two samples. Only bins
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with at least 10 galaxies are used. Black density contours demon-
strate that we may choose to ignore the noise around the edges.
The incompleteness plots consistently demonstrate that
while there is a cut-off for faint, blue and small objects (i.e., in
the x direction) in the spectroscopic sample, corrected for by ap-
plying weights to faint galaxies in our paper, it is not obvious that
there are any trends with respect to other galaxy properties (i.e.,
in y-direction). The distribution of galaxies in the spectroscopic
sample is compatible with that of the underlying photometric
sample, which we consider to be complete. Since there are no
obvious trends in any of the additionally probed parameters, we
do not expect to be systematically incomplete in terms of color,
size or compactness.
Fig. 16: 2D histograms of color (first row), size (second row)
and concentration (third row) as a function of apparent mag-
nitude. Black contours highlight their Gaussian kernel density
estimation. The first column, shows the distribution of galax-
ies in the photometric redshift range 0.4<zphot<0.5, calculated
from Subaru SuprimeCam, and matched to the field-of-view of
VIMOS. The middle column shows the same for galaxies with
spectra. The right column demonstrates completeness fractions
in bins with at least 10 galaxies. The two samples hardly differ in
the y direction. We correct for variations in the magnitudes with
weights.
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